Techniques for profiling individual cells are rapidly advancing and are providing an unprecedented opportunity for studying the genetic regulation of development and disease. In this issue, DurruthyDurruthy et al. analyze gene expression at the single-cell level for a simple but highly organized three-dimensional structure, the mouse otocyst.
The otocyst is the primordial structure that develops into the vertebrate inner ear, an elaborate sensor organ that is responsible for hearing and balance. Although gene expression in the otocyst has been extensively studied by in situ hybridization and immunohistochemistry, these approaches can only examine a few genes at a time. Conversely, standard transcriptome analyses for pooled cells can simultaneously examine the expression of many genes, but cell heterogeneity is concealed. Aware of the limitations of these conventional approaches, Stefan Heller's lab now reports the use of single-cell transcript profiling technique to dissect the otocyst gene expression (DurruthyDurruthy et al., 2014) .
The otocyst (also known as the otic vesicle) arises from the otic placode, a thickening of head ectoderm, which invaginates to form the otic pit and then the otocyst. Fate-mapping and gene expression studies have shown that the otocyst already establishes three axes: anterior-posterior, dorsal-ventral and medial-lateral. In addition, studies suggest that cell fate determination of the neural, sensory, and nonsensory elements is directed by the establishment of positional identity. A variety of signaling molecules participate in the axial patterning of the otocyst, such as the dorsalizing Wnt signals from the hindbrain and the ventralizing hedgehog (Hh) signals from the notochord and floor plate. The fibroblast growth factor (FGF), bone morphogenetic protein (BMP), and Notch signaling are also involved. These signaling pathways are deployed at different time points and places to jointly accomplish the complex differentiation process of the otocyst (Groves and Fekete, 2012) .
To revisit the development of this structure at the single-cell level, DurruthyDurruthy et al. used a microfluidics-based multiplex quantitative PCR platform and chose 92 transcriptional factors and signaling pathway genes associated with the otocyst development from the literature or from their own cDNA microarray data. In total, they analyzed 382 single otocyst cells isolated by fluorescenceactivated cell sorting (FACS) from six mouse embryos of embryonic day 10.5 (E10.5), in which all otocyst cells and delaminating neuroblasts are specifically labeled by transgenic fluorescent proteins.
Their findings provide a compelling example of how to get convincing and exciting biological insights from singlecell gene expression data sets using integrated bioinformatic analyses. One of the earliest cell fate specification events of the otocyst is the expression of several neural markers such as Ngn1 at the ventro-anterior region of the otocyst, where the specified neuroblasts delaminate and migrate to form the cochleavestibular ganglion. As expected, using the Pearson-correlation-based clustering and principal component analysis (PCA), the authors successfully separate the single cells into two major populations: the otocysts and neuroblasts. Then they use the biclustering analysis to further separate these two populations into six subpopulations. By grasping the point that the first dimension (PC1) of the PCA analysis mainly represents the temporal differences of gene expression between individual cells, they further arrange the neuroblast cells into three subpopulations representing three sequential developmental time points. These analyses thus provide new insights into the progressive states of gene expression of the neuroblasts at single-cell resolution.
After that, the authors employ a clever strategy to dig out the spatial information from the single-cell gene expression data set. Usually, spatial information is lost in analyses of single-cell transcript profiles after tissue digestion and cell dispersion. Durruthy-Durruthy et al. make use of previously known marker genes separating the axis of the otocyst (Oc90 for the dorsal-ventral axis and Gbx2 for the medial-lateral axis) to project the 267 otocyst cells to the surface of a sphere in three-dimensional space in the PCA analysis. This clever idea immediately makes the biological meaning of the single-cell data more evident. The strategy is verified by the observation that the expression domains of several known maker genes are correctly positioned and properly arranged in space. With the three-dimensional reconstruction of the otocyst at hand, the authors visualize the spatial distribution of the signaling pathways and identify new spatially defined domains of the signaling genes.
The work verifies and integrates a large body of known knowledge as well as uncovering some interesting new insights for the axial patterning and cell fate specification of the mouse early inner ear. A minor caveat to their analysis stems from the mixing of multiple embryos together before cell sorting. It is possible that gene expression could differ even between morphologically similar embryos in the same litter, and it is uncertain whether any information on heterogeneity between embryos might have been lost.
In the future, single-cell RNA-seq should be performed to broaden the new insights gained from this and similar studies for embryonic development (Tischler and Surani, 2013; Yan et al., 2013) . Single-cell RNA-seq provides an unbiased view of the transcriptome of an individual cell by analyzing 20,000 mRNAs instead of just several hundred selected genes. It also permits examination of other dimensions of gene expression, including alternative splicing and antisense RNA expression. Future technologies may even be able to detect microRNAs, piRNAs, and circular RNAs concurrently in an individual cell. The relatively lower throughput of single-cell RNA-seq techniques has been resolved by microfluidics-based strategies, some of which are now commercially available and permit profiling the transcriptomes of hundreds or even thousands of single cells (Wu et al., 2014) . One major concern facing the single-cell RNA-seq techniques is how to accurately separate noise from real biological variation among individual cells. One possible strategy to resolve this could be to measure the transcriptome of each single cell multiple times.
Ultimately, it would be ideal to simultaneously obtain multiple layers of information on an individual cell at the whole-genome scale (Figure 1 ) with genome information used for lineagetracing (Zong et al., 2012) , epigenome information (analyzed by single-cell RRBS or Hi-C [Nagano et al., 2013] ) to reveal the epigenetic regulation of gene transcription and transcriptome information to include all RNA species within an individual cell. Acquiring all of these within an individual cell would open new doors for understanding the integrated nature of different layers of gene regulation networks at single-cell resolution.
Finally, it will be invaluable to combine the single-cell technologies with genetic approaches. With recent developments in gene editing approaches, it will soon be feasible to disrupt all genes involved in a signaling pathway or a genetic circuit one by one (Sander and Joung. 2014 ). Single-cell technologies could then be applied to dissect the changes in the genome, epigenome, and transcriptome at single-cell resolution in each knockout situation. Such integration will make individual cells an ideal test tube for analyzing multilayered and node-centered gene regulation networks and for revealing the complex causal relationship between genotypes and phenotypes at the scale of whole genomes.
Figure 1. Dissecting Developmental Gene Regulatory Networks in Single Cells
An approach for comprehensive analysis of developmental gene regulatory networks in single cells is depicted. First, all genes involved in a regulatory network for a developmental process are disrupted one by one by a gene editing approach. Then, single-cell omics analyses are performed to profile the genome, epigenome, and transcriptome simultaneously within an individual cell. Finally, the quantitative characteristics of the whole gene regulation network at single-cell resolution are established, and the temporal order as well as spatial structures of the developmental process are reconstructed by informatics analyses and mathematical modeling.
Mapping synaptic connections and projections is crucial for understanding brain dynamics and function. In a recent issue of Nature, Oh et al. present a wiring diagram of the whole mouse brain, where standardized labeling, tracing, and imaging of axonal connections reveal new details in the network organization of neuronal connectivity.
Nearly 30 years ago a landmark paper reporting the complete pattern of synaptic connectivity among individual neurons of C. elegans, the first and only cell-level network map of any organism's nervous system (White et al., 1986) , stated that ''the functional properties of a nervous system are largely determined by the characteristics of its component neurons and the pattern of synaptic connections between them.'' This simple sentiment is echoed by a new paper by Hongkui Zeng and colleagues in a recent issue of Nature (Oh et al., 2014) , describing a new connectivity map of the mouse brain, which represents an important step toward understanding mammalian brain organization.
A comprehensive map of neuronal connectivity-the connectome (Sporns et al., 2005) -is fundamental for understanding not only the anatomical structure of any given nervous system, but also the functional specialization of neurons or brain regions and their arrangement in clusters and communities. The brain's wiring diagram, or anatomical connectome, moreover, also provides an important constraint on the possible repertoire of dynamic interactions between populations of neurons that comprise the brain's spontaneous and evoked activity. This central role of the connectome for understanding brain function has sparked concerted connectivity mapping efforts in a number of species, ranging from invertebrates to the mammalian brain, including that of humans.
Oh et al. target their mapping effort at the brain of one of the most important model organisms: the mouse (see also Zingg et al., 2014) . They capture shortand long-range interareal and cell-typespecific connections at the mesoscale level, which is a resolution that is intermediate between microscale (singleneuron reconstruction) and macroscale (whole-brain imaging) approaches. The resulting resource, the Allen Mouse Brain Connectivity Atlas, is made freely and publicly available, thus enabling future reanalysis and cumulative refinement.
Connectivity data were acquired using a standardized approach that is applied uniformly across the brain, with injections of an anterograde tracer followed by imaging of axonal fibers using a serial two-photon tomography system. Optical signals were placed into a threedimensional reference model of the mouse brain, thus allowing aggregation of connectivity data across hundreds of injection sites. Important steps along the way include rejecting poor-quality optical images, evaluating sensitivity in capturing both strong and weak axonal projections, and testing reproducibility across repeat injections and across animals. An important caveat of this approach is the difficulty in distinguishing between optical signals from labeled axonal terminals versus those arising from passing fibers. Only the former should be used to derive area-to-area connection weights, whereas the latter add unwanted noise to these estimates. Other methodological issues concern the sizes of injection sites relative to
